In the analysis of left ventricular dynamics, geometric measurements provide one important index of cardiac performance. Although previous studies 1 ' 2 suggest that the major change during the ejection phase of systole is a decrease of transverse dimension, the details of this change at rest and during exercise remain to be established. Moreover, these dimensional changes, coincident with the decrease of chamber volume, and those occurring during the isovolumetric phases of the cardiac cycle, have not been adequately studied and analyzed by appropriate statistical sampling methods. The present study was undertaken to supply such information.
• In the analysis of left ventricular dynamics, geometric measurements provide one important index of cardiac performance. Although previous studies 1 ' 2 suggest that the major change during the ejection phase of systole is a decrease of transverse dimension, the details of this change at rest and during exercise remain to be established. Moreover, these dimensional changes, coincident with the decrease of chamber volume, and those occurring during the isovolumetric phases of the cardiac cycle, have not been adequately studied and analyzed by appropriate statistical sampling methods. The present study was undertaken to supply such information.
Methods
Six adult mongrel dogs (14 to 18 kg) were selected for their performance during a 30-minute period of treadmill exercise training. In these dogs, gauges were implanted under aseptic surgical conditions to measure left ventricular outflow, transverse dimensions, and pressure ( fig. 1 ). The electromagnetic flowmeter transducer was placed snugly around the root of the aorta. Miniature coils,* weighing less than one-half gram each, and fitted with a laminated high permeability core, were sutured to opposite epicardial surfaces of the left ventricular chamber near the interventricular groove. The lead wires from both types of transducers were brought through the posterior thoracic wall for attachment to the recording instruments. Left ventricular pressure (mm Hg) was recorded in each animal through a polyethylene cannula (PE-100, length 15 inches) with a small oval bubble (approximately 0.25 by 0.20 inches) blown on one end. The thin polyethylene bubble was inserted through the anterior apical myocaidial wall into the left ventricular cavity at the time of surgery. The saline filled cannula was protected from kinking or compression by a larger polyethylene tubing (PE-240) and brought through the posterior thoracic wall for attachment to a Gauer-Gienapp pressure transducer. 3 The pressure waveforms and calibrations compared favorably with those recorded in the open-chest preparations. 4 Left ventricular anteroposterior transverse dimensions (mm) were recorded in 16 experiments from the six unanesthetized dogs by means of the electromagnetic mutual-inductance cardiometer. 5 The gauging system functions as a small transformer whose spacing between primary and secondary windings varies as a function of the transverse dimension. The exciting current to the primary coil consists of a 17-v, r.m.s., 10 kc/ sec signal furnished from an audio-oscillator located external to the dog. The lead wires are separated, to avoid out-of-phase signals from being formed in the secondary by capacity effects, and brought out through two interclavicular stab wounds. The system to convert coil separation to an analog readout consists of a high gain amplifier, a rectifier filter unit, and a linearizer. Calibration curves indicate that the gauge output voltage (V) may be expressed as a function of coil separation (Z) by the relation V = K/Z 3 (K being constant for a given set of conditions). Linearization of the gauging system" 5 is accomplished by using two electronic dividers and one multiplier section to perform continuously an analogue computation of the inverse cubic root of the output voltage.
Ascending aortic flow (cc/sec) was measured in the same six dogs by means of a 400 cycles/sec gated sine wave electromagnetic flowmeter,* with the K-type flow probe (I.D. 14 mm in five dogs, I.D. 16 mm in one dog) implanted just distal to the aortic orifice on the root of the ascending aorta. The probe location was determined by gneticsInc. Diagram of heart and major blood vessels showing placement of recording instruments for measurement of left ventricular transverse dimension, pressure, and ascending aortic flow.
Recording was taken at fast paper speed (100 mm/sec) in order to separate the phases of the cardiac cycle on the dimension curve by comparison with left ventricular pressure and aortic flow. Dc = dimension at beginning of contraction as determined by rapid increase in left ventricular pressure, Do = dimension at onset of ejection, Dp = dimension at time of peakflow, De = dimension at end of ejection, and Dn = minimum dimension.
X-ray and verified at autopsy to be about 2 cm distal from the aortic valve. Instantaneous blood flow was calibrated by perfusion of known volumes of normal saline through the flow section in situ and directly related to the output voltage of the flowmeter, under the assumption that there was a negligible error from changes in aortic wall thickness due to the chronic implantation. The difference of calibration points between whole blood and saline falls within the technical error of the method.8 Heart rate (beats/min) was recorded continuously as a DC output with a tachometer which was triggered from the ascending aortic flow waveform. Stroke volume (cmVbeat) was obtained from the ascending aortic blood flow measurement by integrating instantaneous flow over each successive cycle with an automatic resetting of the electronic integrator after each systole. This method excludes both coronary flow and back flow from the computed stroke volume. This series of experiments was done from three days to three weeks after the gauges were im-planted. Measurements were taken at the time of surgery and periodically after recovery from the surgical operation. The lead wires from the three transducers were attached to a terminal strip supported by a halter around the animal's body. Connections between this terminal strip and the recording apparatus were made by lightweight cable.
Results
An accurate separation of the phases within a cardiac cycle, on the left ventricular transverse dimension curve, was possible by comparison with the simultaneously measured left ventricular pressure and ascending aortic flow records ( fig. 1 ). The left ventricular transverse dimension curve in the unanesthetized dog, illustrated in figures 1 and 2, has essentially the same waveform whether it is measured by the electromagnetic cardiometer 7 or by the sonocardiometer. 8 For this study the activity of the ventricle has been separated into the phases of isovolumetric contraction, ejection, and isovolumetric relaxation. 0 - 10 A tabulation of the mean values and stand-ard deviations of all the dimension data sampled from continuous records during each condition (reclining, standing, and exercise), for each of the 16 experiments, is shown in Left ventricular transverse dimension curves reconstructed from grand means and pooled within-condition standard deviations of all sampled cycles in 16 experiments. *The left ventricular transverse dimension levels sampled were: Dc, at beginning of contraction; Dm, maximum; Do, at onset of ejection; Dp, at time of peakflow; De, at end of ejection; Dn, minimum. AD is maximum stroke change (Dm -Dn). Ad is stroke change during ejection (Do -De) which equals the "effective" stroke shortening.
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tEach number represents the transverse dimension level averaged over 10 cycles (± one standard deviation) except experiments 2 when standing, 2, 15 and 16 during exercise which were averaged over 5 cycles.
JGrand means = the dimension level averaged over all sampled cycles, SE = standard errors of the grand means, SD = the pooled within-condition standard deviations. Average treadmill speed in 11 experiments was 3.4 mph on a 5 degree slope. tables 1A, B, and C). For a particular experiment, each mean transverse dimension level varied depending on whether the animal was reclining, standing, or exercising (the "between-condition" variation). Variation also appears for a given condition, e.g., reclining, on different experiment days (the "within-condition" variation). In order to facilitate the analysis of this information, the grand means, standard errors of the grand means, and the pooled within-condition standard deviations were calculated for each dimension level of the three conditions. These results are summarized in figure 3 .
I SO VOLUMETRIC CONTRACTION
The beginning of isovolumetric contraction (Dc) was located on the dimension curve by noting the time at which the abrupt increase in left ventricular pressure occurred. The end of this phase (Do) was indicated by the onset of ascending aortic flow ( fig. 1 ). There were several different characteristic shapes to the dimension curve during this phase. These dimensional changes analyzed from 415 cycles sampled in 16 experiments, shown in table 2, indicate that the maximum dimension (Dm) did not necessarily coincide with the dimension at the onset of ejection (Do). In the reclining position, this difference between Dm and Do occurred in 82% of sampled cycles. While standing, this incidence occurred in only S%, i.e., the biphasic cycles (table 2). During exercise it was more difficult to measure accurately the magnitude and timing of these dimension changes because of the brevity of the interval and due to irregularities in the waveform of the variables. These irregularities, illustrated in figure 2, increased with greater speeds of treadmill exercise and seemed to be correlated with bodily movement and/or respiration. In 11 experiments satisfactory records were obtained. These data CircmUtw* Returcb, Vol. XVI, AUrcb 196} show that in 14$, i.e., 1% monophasic decrease and 13$ biphasic, of the sampled cycles the Dm and Do were not at the same dimension level.
Within-Condition Analysis. During isovolumetric contraction an apparent biphasic pat- 
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'Dimension curves were sampled during the steady state. Under each condition there is tabulated number of occurrences and frequency in terms of percentage for each type of isovolumetric dimension curve. tern of dimension change, illustrated in figure 3 , was obtained in each condition (reclining, standing, and exercise), from reconstructed dimension curves based upon the grand means of each sampled dimension level. Not only was the maximum dimension (Dm) greater than the dimension at onset of ejection (Do), but the onset of ejection occurred at a higher dimension level than the beginning of contraction, i.e., end diastolic, within each condition, e.g., +0.22 mm while reclining, + 0.89 mm standing, and + 0.91 mm during exercise. When isovolumetric contraction is classified in terms of the shapes of the transverse dimension curve, the majority are monophasic (table 2). Although the mean values plotted in figure 3 give a smooth curve which is biphasic for each condition, the lack of significance between the points Dm and Do precludes assignment of a biphasic pattern.
Between-Conditton Analysis The pooled within-condition standard deviation of each dimension level, characterizing isovolumetric contraction, was smallest while reclining and largest during exercise, which suggests that the measurements were most stable in the reclining posture and least stable during exercise. When the dog stood quietly, all dimension levels shifted to mean values lower than when reclining and during exercise, as shown in figure 3, confirming the previous observations of Rushmer 11 and Wilson. 7 Though the grand mean of the dimension level at the beginning of isovolumetric contraction (Dc), i.e., end diastolic, was greatest while reclining, both the maximum (Dm) and the onset of ejection (Do) dimensions occurred at the highest levels during exercise The initial shape change (to a larger transverse dimension) during isovolumetric contraction was least when reclining, e.g., Dm -Dc with exercise and while standing was more than 1.5 times greater than while reclining. The terminal shape change (to a smaller transverse dimension) during isovolumetric contraction was greatest while reclining, e.g., Dm -Do reclining was 2.5 times greater than when standing, and 3.3 times greater than during exercise.
EJECTION PHASE
This phase was determined by the onset and end of ascending aortic forward flow, and was divided into acceleration and deceleration portions by the peakflow. The results of the ejection phase dimension data taken from all the experiments, at the onset of ejection (Do), at the time of peakflow (Dp) and at the end of ejection (De) are shown in table 1.
Within-Condition Analysis. The left ventricular transverse dimension always decreased during the period of ascending aortic forward flow. The mean ratio of transverse dimension shortening during the acceleration portion of ejection, to the dimension change during the total ejection phase, was 45% while reclining and during exercise, and 50$ when standing. The peakflow and the maximum velocity of transverse dimension shortening occurred simultaneously. These facts, together with the evidence that the apex to base length remains relatively constant during ejection, 1-2 suggest that the main source of kinetic energy to propel blood out of the left ventricular cavity is the shortening in the transverse plane which reaches its maximum velocity at approximately one-half the stroke dimension change.
Between-Condition Analysis. As with isovolumetric contraction, the pooled withincondition standard deviation of each dimension level, characterizing the ejection phase, was smallest while reclining and largest during exercise. This suggests that the measurements were most stable in the reclining posture and least stable during exercise. The greatest cycle to cycle variation occurred at the end of ejection during exercise ( fig. 2) . With respect to the grand means, each ejection phase dimension level was smallest when the dog was standing. The dimension level at the onset of ejection (Do) and at the time of peakflow (Dp) was highest during exercise, though the level at the end of ejection (De) was highest while reclining. The dimension change concurrent with the ejection phase (Ad = Do -De) was greatest during exercise Circultsio* Rnetrcb, Vol. XVI, hUrcb 196} and approximately equal between the reclining and standing conditions.
ISOVOLUMETRIC RELAXATION
During this phase, denoted by the end of ascending aortic flow (De) and the abrupt decrease in the negative slope of left ventricular pressure ( fig. 1 ), reverse ascending aortic flow was recorded in all sampled cycles. The transverse dimension changes, tabulated in tables 1 and 2 and summarized in figure  3 , show that the dimension at the end of ejection (De) usually did not coincide with the minimum dimension level (Dn).
EFFECTIVE STROKE DIMENSION CHANGE (Ad)
From the results given above it is evident that the maximum left ventricular transverse dimension change did not coincide with the phase of ejection of blood from the cavity to the ascending aorta. This led to the concept of the "effective" stroke change in left ventricular transverse dimension (Ad), which is defined as the dimension change which occurred during the period from the onset (Do) to the end (De) of ascending aortic forward flow.
Within-Condition Analysis. The grand means and the within-condition standard deviation of both the effective stroke change (Ad) and the maximum stroke change (AD) in transverse dimension are shown in table 1. The ratio of the effective to the maximum stroke change in transverse dimension was 0.83 +0.08 while reclining, 0.79 ±0.12 when standing, and 0.84 ± 0.11 during exercise. These results indicate that about 80$ of the total shortening in left ventricular transverse dimension is effective to propel blood from the cavity into the root of the ascending aorta. The remaining 20* of shortening must be involved in the isovolumetric shape changes.
Between-Condition Analysis. The means and standard deviations of both the effective stroke change (Ad) and the dimension level at the onset of ejection (Do) were different among the three conditions in most experiments (tables 1A, B, and C). The ratios, of the grand means, between the effective stroke dimension shortening (Ad) and the initial dimension "Left ventricular shape was estimated by a comparison of stroke volume computed from aortic flow and stroke volume calculated from left ventricular transverse dimension using geometric simplifying assumptions. Assumptions for calculation of compression ratio are contained in the text. Initial volume includes myocardium plus contained blood at onset of ejection. For volume calculations, it was assumed that the apex to base length (H) equaled the transverse dimension at onset of ejection, which is the major axis of the ellipsoid of revolution, and that change in myocardial volume was negligible during period of ejection. Therefore, stroke volume equaled compression ratio times the initial volume.
(Do) are listed in table 3. This ratio between Ad and Do was 7.3% while reclining and when standing. During exercise the shortening ratio (Ad/Do) of 8.9% represents an increase of 1.22 times that of the rest groups. This suggests that during mild treadmill exercise (avg 3.4 mph on a 5° slope) extrinsic factors increased the shortening ratio of the left ventricular myocardium by 22%.
CORRELATION MATRIX
Correlation coefficients between effective stroke shortening, maximum stroke shortening, and each sampled dimension level in a cardiac cycle, are shown in table 4. Meaningful coefficients between stroke shortening and the dimension levels sampled during isovolumetric contraction were necessarily positive, while those correlations with dimension levels sampled during isovolumetric relaxation were necessarily negative numbers. The relatively low correlation between effective stroke shortening (Ad) and maximum stroke shortening (AD) of about + 0.5, in each of the three conditions, substantiates the aforegoing analy-sis that the peak to peak left ventricular transverse dimension measurement was not an accurate reflection of stroke shortening which occurred during systolic ejection.
Effective stroke shortening (Ad) correlated best, i.e., -0.70 and +0.61, with the dimension at the end of ejection (De) when reclining and with the dimension at the onset of ejection (Do) while standing. However, the best correlations between maximum stroke shortening (AD) and dimension levels were the reverse during resting conditions, i.e., 4-0.74 with maximum dimension (Dm) when reclining and -0.63 with minimum dimension (Dn) while standing. During mild treadmill exercise (avg 3.4 mph on a 5° slope) both the effective and the maximum stroke dimension changes correlated unusually well with the terminal dimension levels. The coefficient between effective stroke shortening and end of ejection was -0.92, and that between maximum stroke shortening and minimum dimension was -0.91 (table 4) .
The above results support the thesis that 1.00 *The within-condition cross-correlation of each sampled left ventricular transverse dimension level and the stroke change in dimension (AD and Ad) was performed. Underlined numbers, which are the highest correlation coefficients between a dimension level and stroke change in dimension, are discussed in the text. the amount of cycle to cycle shortening in the left ventricular transverse plane may be controlled by multiple factors and that during exercise the dominant factors are extrinsic which produce a more complete shortening from any given initial dimension.
Discussion
The complex configuration of the left ventricular geometry precludes an accurate computation of ventricular volume or fiber lengths from dimensional measurements in the unanesthetized animal without simplifying assumptions. 1 -However, if the measurement of transverse dimension may be regarded as representing a sample of circumferentially ar-CifcmUtion Riitrch, Vol. XVI, Htrcb 196) ranged myocardium, 111 then this sample characteristically exhibited a change in length during isovolumetric contraction, a continuous shortening during ejection and a still further decrease in length during isovolumetric relaxation ( fig. 3) . These changes during the isovolumetric phases of the cardiac cycle suggest asynchronous contraction and relaxation.
The incidence of biphasic shape changes during isovolumetric contraction, noted in table 2, is an additional finding to that of Rushmer 10 and Hawthorne, 2 who described only a change to a more spherical chamber during this phase. Since the gauges were attached to opposite left ventricular epicardial surfaces at the maximum transverse dimen-
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Variance Ratios (Fjt sion near the base of the chamber, the recordings probably reflect changes in left ventricular diameter which is a composite of both inflow and outflow tracts. Studies of the patterns of left ventricular contraction, by cinematography, 14 epicardial strain gauges, and intraventricular pressure tracings, 15 indicate that contraction of the inflow tract precedes that of the outflow tract by several milliseconds. In the studies of Hawthorne 2 which showed that the initial contraction is an isovolumetric apex to base shortening with radial bulging, placement of the left ventricular longitudinal dimension gauge was along the inflow tract. Left ventricular shape changes during isovolumetric contraction recorded in our study, may be related to this apparent peristaltic sequence of myocardial activation, with a straightening or decrease in the outflow tract bulge prior to opening of the aortic valve.
The question arises whether small differences in dimensions between conditions, i.e., reclining, standing, and exercise, as compared to the within condition variance are meaning-ful in terms of the reproducibility of the measurements. A statistical test of differences between average dimensions for the three conditions (reclining, standing, and exercise) was made for each experiment by analysis of variance. The test criterion is the variance ratio F, the between-condition mean square divided by the within-condition mean square (table 5). Since the calculated F ratios exceeded critical values in most of the experiments, the gauging system evidently separated the condition-dependent variations in dimension (reclining, standing, and exercise) from the sampling error variation in movements of the left ventricular wall.
The differences between maximum left ventricular transverse dimension versus dimension at onset of ejection, and between minimum dimension versus dimension at end of ejection, led to the concept of the "effective" transverse dimension stroke shortening, which is temporally related to the propulsion of blood from the left ventricular cavity to the root of the ascending aorta. With treadmill exercise the effective stroke shortening cal-culated from table 1 was 25$ greater than when the dog was standing and 22$ greater than when reclining. However, the transverse dimension at the onset of ejection during exercise was only 1$ greater than when reclining, and 2$ greater than when standing. Therefore, it follows that the shortening ratio (Ad/Do), defined as the effective stroke change in transverse dimension (Ad) divided by the transverse dimension at the onset of ejection (Do), must be greater during exercise than when the dog was reclining or standing. This ratio was 7.3$ for both reclining and standing conditions and 8.9$ during exercise, which constitutes a 22$ increase over the resting states.
If one assumes that there is no change in apex to base length during the ejection phase of systole, and that the transverse dimension measurement recorded the time varying diameter of a cylinder, ellipsoid of revolution, 1 " paraboloid of revolution or cone, the compression ratio* is approximately twice the shortening ratio, i.e., 14.1$ while reclining and standing and 17.1$ during mild treadmill exercise (table 3) . A comparison between stroke volumes calculated from sampled dimension cycles using geometric simplifying assumptions versus the stroke volumes computed from the same cycles of the ascending aortic flow, is presented in table 3. The data suggest that an ellipsoid of revolution is the best approximation of left ventricular shape while reclining and standing, but that during exercise the shape constant decreases toward a paraboloid of revolution. With exercise the increase in stroke volume over resting states was primarily due to an increase in the compression ratio, which is independent of ventricular shape.
Summary
Left ventricular dynamics was studied in the unanesthetized dog by an analysis of simultaneous recordings of left ventricular transverse dimension, pressure, and ascending aortic flow in 16 experiments while the dogs were reclining, standing, and during graded treadmill exercise. Statistical analysis of the dimension data revealed typical patterns of isovolumetric changes which suggest asynchronous contraction and relaxation. The fact that maximum and minimum dimension levels did not coincide with levels at onset and end of ejection led to the concept of the "effective" stroke shortening in the left ventricular transverse dimension.
An ellipsoid of revolution was the best approximation of left ventricular shape while reclining and standing, but during exercise the shape constant decreased toward a paraboloid of revolution. Analysis of the data from correlation coefficients and by using the principle of the compression ratio, which is independent of shape, indicated that stroke shortening and stroke volume may be a function of initial length or volume for the resting states but that during exercise their increase was due primarily to extrinsic influences which acted to change the magnitude of the contractile response.
